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Abstract
Compared to other medical breast imaging techniques, ultrasonic imaging is more attractive due to its relatively low cost and
wide clinical use. This study is concerned with clinical amplitude/velocity reconstruction imaging (CARI) ultrasonography for
accurately detecting breast cancer using two acoustic properties: the sound speed and the attenuation. Bioacoustic modeling is
used to describe ultrasound wave propagation in the breast/tumor system. The feasibility and the sensitivity of the CARI device
are investigated using a finite-element time-domain approximation in tissue-mimicking breast. 2D and 3D simulation experiments
show the detectability of small ellipse/ellipsoid-shaped tumors in terms of the increase in the sound speed in the tumor region. Our
study confirms also that the FETD (finite-element time domain) method is a simple but robust tool to simulate the CARI device
and other included clinical effects, such as focusing and scanning of the beams.
c© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Breast cancer is the most frequently diagnosed cancer in women worldwide, and there are approximately 1 million
new cases detected annually [2]. A potentially important strategy for reducing breast cancer mortality is the detection
of early-stage tumors. The three main imaging modalities used in the diagnosis of breast cancer are mammography,
magnetic resonance imaging (MRI) and ultrasonography. At present, MRI is still an expensive and not widespread
imaging method. Mammography remains the primary imaging technique. Ultrasonography is a safe, inexpensive and
widely used technique. Moreover, as a supplement to mammography, medical ultrasound plays an important role in
differentiating cancerous from non-cancerous breast lesions.
A new sonographic method, named CARI sonography (Clinical Amplitude/velocity Reconstruction Imaging), was
developed by Richter as a standardized ultrasound technique for accurately assessing breast tumors [3,4]. In the
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examination by the CARI device, the breast is compressed between two plates in a X-ray mammography-like manner.
The fixed position of the breast between two plates prevents any dislocation of breast lesions by breathing or motion of
the patient. Those parts of the breast which are not in direct contact with the compressing plates are covered with gel
to establish proper ultrasound coupling. The breast can be scanned systematically by a linear transducer that is moved
manually in parallel steps along the surface of the upper compression plate (Plexiglas metallic structure that can be
penetrated by ultrasound). The lower plate (stainless steel), a metallic reflecting structure, is used as an indicator for
presence of breast lesions: it is imaged as a straight hyperechoic line in normal tissue and elevated if the sound speed
within the lesion is increased (see examples of images in e.g. [5]). The CARI technique depends essentially on two
tissue ultrasonic properties, namely the change of sound speed and attenuation. In a clinical study [5], 88% of all
breast cancers gave rise to a displacement of the reflecting line while the most benign lesions show no deformation or
change of the reflected sound wave.
Previous papers by Kossoff et al. [6], Greenleaf et al. [7] and Richter et al. [1,5] indicate that the sound velocity is
faster in cancerous compared to normal breast tissue. Moreover, direct measurements of the sound speed in a variety of
breast specimens as investigated by Weiwad et al. [8] show that ultrasound velocity in cancerous and other malignant
breast tissues are very similar but lower in breast fatty tissue. Their findings are compared to those of Richter, and
in particular, this confirms that the CARI method is more attractive in assessing cancer in fatty tissue because they
both appear hypoechoic in a conventional ultrasound image. In an independent evaluation, Schu¨tze et al. [9] defined
a metric differentiation of breast lesions using only one aspect of CARI sonography (sound velocity information).
They concluded that the CARI technique had some potential in separating malignant from benign breast lesions. They
especially noted that the spatial resolution was one limitation of the CARI technique since there was problem in
detecting lesions smaller than 1 cm.
We address in this work the feasibility of the CARI method using a finite-element approach taking into account
the tissue acoustic properties. Our focus is to simulate the sensitivity of the CARI technique in the detection of
small lesions in the breast fatty tissue. Geometrical and mathematical modeling of the CARI modality is presented in
Section 2. The numerical FETD simulations in the 2D and 3D cases are discussed in Section 3, and particularly when
focusing and scanning features are included in the CARI set-up. We conclude with some remarks and perspectives.
2. Mathematical formulation
2.1. Modeling
Ultrasound travels through different tissues at different speeds. When sound hits an acoustic interface, an echo is
created. Medical ultrasound is essentially a means of producing visual images based on echoes that occur at such
acoustic interfaces. Anatomically, the breast is an organ which contains separate regions of distinct tissue types. Thus,
a lesion is localized in the breast if it produces an echo different from that of the surrounding tissue. This requires then
a better understanding of how tissue abnormalities affect the acoustic transmission in the human female breast. The
propagation of sound through viscous fluid media is governed by the linearized equations of continuity and motion,
expressed in the time domain [10,11]:
−ρ∇.v(x, t) = 1
c2
∂p(x, t)
∂t
+ γ p(x, t), (1)
∇ p(x, t) = −ρ ∂
∂t
v(x, t), (2)
where p(x, t) is the scalar pressure field, v(x, t) = (vx , vy, vz) is the vector velocity field, ρ and c are respectively
the density and the sound speed of the tissue, and x = (x, y, z) is a vector describing the spatial coordinate.
∇ p = ( ∂p
∂x ,
∂p
∂y ,
∂p
∂z ) denotes the gradient of pressure and ∇.v = ∂vx∂x + ∂vy∂y + ∂vz∂z is the divergence of the velocity. The
second right-hand term in (1) represents the loss effect of the wave energy in the medium. At high frequencies, most of
the models for the absorption in biological media are based on an empirical power-law description of the attenuation
γ versus the frequency [12,13]:
γ (ω) = 2α0
c
ωβ , (3)
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where ω = 2pi f is the angular frequency, α0 is a tissue-dependent constant, and β is the frequency–power exponent
usually varying between 0 and 2 for many human tissues. A physical explanation of the above frequency-dependent
attenuation as well as a modified model are investigated, respectively, in [14,13].
The finite-element time-domain (FETD) method is one numerical technique that describes ultrasound wave
propagation in the 2D and 3D breast models. With the FETD method, numerical simulations demonstrate the
detectability of a lesion in the breast tissues by showing the effect on the elevation at the reflecting line. This work
is essentially following on from previous papers where the results are obtained only for a simple geometry of the
tumor [15,16].
Mathematically, our model (1), (2) is similar to the one presented in [17]. In the following sections, the model is
slightly modified, and we consider the pressure p as the only physical variable for the resulting wave equation [18]:
1
c2
∂2 p(x, t)
∂t2
+ γ ∂p(x, t)
∂t
= ∇2 p(x, t). (4)
Furthermore, Manry and Broschat [17] consider a 2D spatial finite difference time domain scheme, and thus allowing
only regular geometries. The numerical results therein show that the smallest lesion identified in the breast tissue is
of diameter 5 mm. We instead are able to clearly detect even smaller size lesions of 2 or 3 mm in diameter, provided
that a high spatial resolution is satisfied. The spatial resolution here means the capability of the numerical approach
to resolve small features in the breast tissue. Moreover, the finite-element approach is very advantageous in handling
irregular tumor geometries.
To complete the geometrical and mathematical modeling, Eq. (4) is supplemented with the initial and boundary
conditions that fit the CARI modality. More explicitly, the breast tumor model is initialized with atmospheric pressure,
and an incident wave from the transducer is implicitly specified as the Dirichlet condition for the wave equation. The
non-reflecting boundaries are described with the following first-order absorbing conditions [19]:
∂p
∂n
= −1
c
∂p
∂t
. (5)
And the reflecting boundary is represented by a homogeneous Newmann condition:
∂p
∂n
= 0. (6)
The system of Eqs. (4)–(6) is discretized by a second-order finite difference scheme in time combined with a finite-
element method in the spatial domain. The approximated problem is then reduced to the solution of a linear system
at each time step. We refer to [16] where the mathematical formulation and the resulting algorithm of the FETD
method are described in detail. The simulator is implemented and designed using the finite-element and object-
oriented programming library Diffpack [20]. Through the functionalities supplied by Diffpack, the pre- and post-
processing are easily handled.
2.2. Remarks on the stability, time sampling and spatial resolution
The time step of the FETD numerical scheme must obey both the CFL stability condition and temporal sampling.
Moreover, the finite-element mesh defines the resolution of the solution. For wave propagation at high frequency, the
spatial discretization must resolve 2–8 finite elements per wavelength λ = cf . Once the size of the finite element is
fixed, the time step 1t should satisfy the CFL condition (see [20], Chap. 2):
1t ≤ 1
c
(
1
1x2
+ 1
1y2
+ 1
1z2
)− 12
, (7)
where 1x , 1y and 1z are, respectively, the space step sizes in each direction. For instance, when a Nyquist criterion
is chosen, i.e., 2 finite elements per wavelength, the time step size then verifies
1t ≈ h
c
= 1
fs
. (8)
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h is the finite-element nodal size. fs = 2 f denotes here the frequency sampling, and an under- or over-sampling
of the frequency significantly affects the detection of small lesions in the breast. In [16], the stability of the FETD
method versus physical and numerical dispersion is discussed and the convergence of the proposed algorithm is also
numerically analyzed to assess the accuracy of the solution results. Some of numerical tests therein show that good
results are obtained with at least 10 finite elements resolved per wavelength.
3. Numerical simulations and discussions
3.1. Two-dimensional breast model
The 2D simulation is performed on a phantom breast model using a 2D finite-element grid of size 40 mm× 20 mm
containing a 2a (mm) (along the lateral direction) by 2b (mm) (along the axial direction) ellipse-shaped lesion. For
simplification, we will refer to the tumor size as (2a mm, 2b mm). A signal with appropriate content for exciting high
frequency waves is transmitted from a 7.5 MHz linear array transducer. The sound speeds in the breast fatty tissue and
the lesion are, respectively, c0 = 1475 m s−1 and c1 = 1527 m s−1, and these mean values result from direct clinical
measurements on various types of breast tissue [8]. The attenuation parameters for the breast tissue are α0 = 15.8,
β = 1.7, and for the breast cancer α0 = 57.0, β = 1.1.
Sonographically, breast masses are described in terms of the size, shape, location, orientation and number of
tumors. The evaluation is limited to one tumor in the breast tissue, and we investigate, via numerical simulations,
the sensitivity of the CARI technique to the other parameters.
3.1.1. Clinical resolution versus FETD resolution
The transducer frequency is one of the main parameters which controls the image quality in the breast
ultrasound [21]. The better the axial and lateral resolutions of the system, the higher the image quality. The axial
resolution describes the capability to resolve the discrete structures along the beam axis. Because the frequency is
inversely proportional to the pulse length, the higher the frequency, the better the axial resolution. The lateral resolution
describes the capability to resolve discrete structures perpendicularly to the beam axis. The lateral resolution depends
especially on the size of the ultrasound beam, and it improves in focused ultrasound transducers with narrow beams.
According to results of clinical evaluations [9], the CARI technique has presented some limitations in detecting lesions
smaller than 1 cm in diameter. Those limitations are due to the fact that some specimens of the breast tissue (composed
of more or less fat but not necessarily cancerous) may cause slight perturbation of the reflecting line similar to what
could result from very small tumors. New experiments by Richter et al. [22] suggested that the resolution of CARI
in breast cancer detection may be improved by performing X-ray mammography in a fluid bath. Another study by
Krueger et al. [23] proposed a ‘modified time-of-flight tomographic imaging’ algorithm applied to the CARI concept.
Evaluated in an experimental set-up and phantoms, their method resulted in improved lateral resolution and an axial
resolution was obtained, a feature lacking in the CARI technique.
From the numerical simulation of the CARI method, we were able to localize an ellipse-shaped lesion of axes
2a = 2 mm and 2b = 1 mm in the breast fatty tissue as illustrated in Fig. 4(a). For these experiments, we used a grid
of 80 601 = 401 × 201 nodes and a time step size of approximately 1t = 13 × 10−9 s in order to meet the stability
condition. The ultrasound travels over 2250 time steps (equal to twice the travel time from transducer to RL).
3.1.2. Tumor size effect on the elevation shift
We first compare the ultrasound pressure in normal and cancerous breast fatty tissues. As can be seen in
Fig. 3(a)–(b), the lesion of size (10 mm, 5 mm) is easily recognized in the background medium. We recall that the
CARI technique is highly sensitive, and a tumor can be detected using the information extracted from the reference
structure. To evaluate the sensitivity to the tumor size, other simulations are performed for different tumor sizes. We
define a “numerical elevation” or “elevation shift” as that part of the pressure field ′ p(x, zRL , tRL)′ at the reflecting
boundary (zRL = 20 mm) and at the time step when the wave travels one-way from the transducer to the RL (tRL).
Note that this elevation is different from that clinically used in the CARI device for the measurement of the sound
velocity in the tissue in that the “clinical elevation” depends on the time-of-flight. The results show principally that
the elevation shift increases with the tumor size (the size parallel to the wave direction). The smallest lesion detected
in our simulations is an (2 mm, 1 mm) ellipse-shaped one. The disturbance it causes in its vicinity is very small, but
significant compared to the case without a tumor as illustrated in Fig. 4(b).
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Fig. 1. Configuration of the phantom breast model for the 3D FETD simulation with an ellipsoidal tumor. Arrows indicate the sound propagation
direction.
3.1.3. Tumor location and shape effect on the elevation shift
One of the characteristics of ultrasound breast imaging is the ability to detect deep abnormalities. A series of
simulations is carried out for a (8 mm, 4 mm) lesion located in different positions, either by rotating the elliptical
tumor or by moving its center. In particular, we observe that when the lesion axes are neither parallel nor perpendicular
to the beam axis, the echo pattern around the tumor is more important than when one of the lesion axes is parallel to
the beam. The sensitivity to the shape of the tumor is investigated by comparing the results of the rectangular and the
elliptical shape of the tumor. The snapshots from Fig. 5 show that only the lateral size of the rectangular tumor is well
delimited in the tissue, compared to the roughly identified shape in the ellipse case.
3.2. Extension to the 3D FETD breast model
In general, the 3D FEM simulations of ultrasound wave propagation, even for the linear case, involve very large-
scale bioacoustic models. They are therefore computationally intensive and require a large memory space. However,
the 3D FETDmethod is nevertheless a valuable tool for simulating the CARI modality. Implemented with the Diffpack
library, the 3D breast model tests are extended from the 2D case. Here, the tissue-mimicking breast model consists
of a 3D box of size 22 mm× 24 mm× 20 mm for the tissue-mimicking breast model which contains a (2a, 2b, 2c)-
ellipsoidal inclusion of the tumor as displayed in Fig. 1. Similar to the 2D case, the notation (2a mm, 2b mm, 2c mm)
is used for an ellipsoid tumor of axes 2a, 2b and 2c. We assume that the transducer aperture is a 12 mm × 8 mm
rectangle located on the bottom face of the 3D box and excited with a 3.75 MHz frequency signal. Although the
frequency is reduced due to the memory limit in ensuring the stability of the numerical scheme, we still remain in the
range of the CARI device. The sound speeds defined for the 2D case are again used in the 3D simulation. A space grid
of more than 106 nodes and a time step size1t = 26× 10−9 s over 1125 time steps are required for the 3D numerical
experiments.
We consider a 3D breast model containing a (10 mm, 6 mm, 6 mm) ellipsoidal tumor. We then compare the related
ultrasound pressure to that propagating in homogeneous tissue (see Fig. 6(c)–(d)) through two layers traversing the
tumor region. From the cross-sectional views in Fig. 6(a)–(b), the shape of the lesion in the inhomogeneous breast
tissue is well identified. The tumor clearly causes a local disturbance in the echoes relative to the background medium.
In particular, after 2000 time steps the contour of the tumor is evident and is surrounded by the rectangular shape of
the transducer as illustrated in Fig. 6(e)–(f).
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Fig. 2. Focusing of ultrasonic waves is carried out at different focal points: black bullets designate the lateral focusing positions, and the white
bullets the foci in depth.
Fig. 3. Comparison of ultrasound pressure in homogeneous and inhomogeneous breast fatty tissues. The wave has traveled back to the receiver
(=transducer) after 2000 time steps (t = 26.6 µs): (a) the breast tissue is homogeneous; (b) the tissue contains a centered (10 mm, 5 mm) ellipsoidal
lesion which produces a disturbance of the echo in the surrounding medium.
3.3. Focusing and scanning of transducer beams
All advanced medical ultrasound systems enable diverse features such as the focusing and scanning of the
transmitted/received beams. Clinically, the narrow beams significantly improve the lateral resolution of the breast
imaging devices. Note that focused ultrasound aligns the pressure fields from the aperture so that the fields generated
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Fig. 4. 2D FETD simulation showing the sensitivity of the CARI technique model when the lesion size gets smaller: (a) the presence of the centered
(4 mm, 2 mm) ellipsoidal tumor affects the elevation shift at the receiver; (b) the elevation resulting from the centered (2 mm, 1 mm) ellipsoidal
lesion is insignificant, but a change in the echo pattern is visible.
Fig. 5. Effect of the shape of the lesion on the ultrasound pressure field when the wave travels 2000 time steps in breast tissue. In (a) the breast
tissue contains a centered (8 mm, 4 mm) ellipsoidal lesion for which the major axis is rotated from the x-axis by an angle of 5 degrees. In (b), the
breast fatty tissue includes a centered 8 mm by 4 mm rectangular tumor. The echo of the beam in (a) is more perturbed than in (b).
by individual sources arrive simultaneously at the focal point. Focusing can be performed by delaying the fields from
the individual transducer elements [24]. In the 2D implementation, the delay on each transducer element can use two
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Fig. 6. Snapshot of the ultrasound pressure field over two cross-sections traversing the tumor region: (upper) parallel to the transducer plane;
(middle) parallel to the axial direction. (a)–(c) The breast tissue is homogeneous. (b)–(d) The tissue contains a (10 mm, 6 mm, 6 mm) ellipsoidal
tumor which results clearly in a distortion of the beam echo. (e), (f) Two views of the wave that arrives at the receiver (=transducer) after 2000 time
steps: (e) view parallel to the beam axis. The shape of the tumor and the rectangular transducer are well recognized compared to the breast without
tumor.
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Fig. 7. Scanning of the received beams by superposition of the echoes obtained from focusing at different lateral focal positions and at 10 mm from
the aperture. The ultrasound pressure fields are shown for two times: (a) when the wave arrives at the reflecting line and (b) when the wave travels
back to the transducer (or receiver). Comparison of the ultrasound pressure along the reflecting line (p(x, z = 20 mm, t = 26.6 µs)/patm) for a
homogeneous breast tissue (dotted line) and an aberrant tissue: without beam focusing (dashed line), with three lateral focusing (dashed–dotted
line), and with three depth focusing (solid line). All pressures are normalized to atmospheric pressure (patm).
propagation times te and tc: te is the time it takes for the wave to travel from the center of the element to the focal
point:
te = 1c
√
(xe − x f )2 + (ye − y f )2, (9)
where (xe, ye) and (x f , y f ) are respectively the positions of the element center and the focal point. tc is the time
needed for the wave to travel from a reference point to the focal position:
tc = 1c
√
(xc − x f )2 + (yc − y f )2, (10)
with (xc, yc) the reference point on the aperture. The delay can then be calculated by adjusting the difference between
te and tc.
Here for the CARI device, the transmitted beam is focused at different points in depth and along the lateral direction
as shown in Fig. 2. 2D simulations are carried out for the homogeneous tissue and for the breast fatty tissue with an
ellipse-shaped (10 mm, 6 mm) tumor. The results are compared to those obtained without a focus. From Fig. 7(c), the
simulations show that the lateral size of the tumor (10 mm) is more clearly defined when the beam is focused along
the axial direction. Other simulations are evaluated for 21 focusing lateral positions at 10 mm from the aperture. The
ultrasound pressure fields obtained at the reflecting line and at the receiver are superimposed to form the scanning
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Fig. 8. Ultrasound pressure field over two cross-sections traversing the (10 mm, 6 mm, 6 mm) ellipsoidal tumor located in the center of the 3D
breast model. (a) View from a layer normal to the x-axis and parallel to the narrow side of the transducer. (b) View from a layer normal to the
x-axis and parallel to the large side of the transducer. The excited beams are focused at 10 mm from the transducer in the z-axis. They converge to
the focal point and become narrower as they approach the reflecting line of the CARI device.
images of Fig. 7(a)–(b). A bright region at the level of the lesion location can be seen in the background medium.
However, improvement may be useful to obtain a better image from the simulations.
Although the FETD approximation can effectively handle the focusing and scanning effects in the 3D case, it is
still time-consuming to use Diffpack on a desktop Pentium 4, 1.7 GHz CPU with 512 MB memory and running the
GNU/Debian Linux operating system. For instance, it takes almost 7 h to simulate a pulse traveling out to the reflector
and back to the transducer. This CPU time is obtained for a 3D breast model with a (10 mm, 6 mm, 6 mm) ellipsoidal
tumor, and the transmitted signal is focused at 13 mm from the aperture. Consequently, a full 3D simulation with
dynamic focusing and scanning of the beams is achieved in 7 h times the number of lateral scan lines and transmitting
focal points. 3D tests are shown in Fig. 8. Of course, with a more optimized implementation and using parallel
computing, significant improvements in CPU time are expected.
4. Conclusions
This paper addresses a FETD numerical approach that shows the feasibility of the CARI breast imaging modality.
Bioacoustic modeling describes ultrasound wave propagation in breast tissue and the scattering due to large acoustic
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inhomogeneities. The mathematical model takes into account the major characteristics of CARI breast cancer
detection based on sound speed and attenuation changes in breast tissues. The effects of tumor size, location and
shape on the sensitivity of the CARI technique are investigated by a numerical evaluation, by analogy with the
elevation of the RL in the CARI device. 2D and 3D numerical experiments are performed on tissue-mimicking breast
models. The study also shows that FETD is a powerful tool for numerical modeling and quantitatively simulating
the CARI technique. The FETD method produces good resolution of the spatial features, which enables the detection
of small ellipses/ellipsoidal lesions in the breast fatty tissue. The simulations give new insights into ultrasound wave
propagation through breast tissues and in the control of the image quality in breast ultrasound. Subsequent to this
study, the finite-element approach has been extended to the case where the attenuation is obeying a modified fractional
derivative model developed in [14]. Numerical experiments have been performed on a 2D configuration and are
reported in [25,26].
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